Drug addiction is characterized by compulsive drug-seeking and drug-taking, and a high propensity for relapse. Although the brain regions involved in regulating addiction processes have long been identified, the ways in which individual cell types govern addiction behaviors remain elusive. New technologies for modulating the activity of defined cell types have recently emerged that are allowing us to address these important questions. Here, we review how one such technology, DREADDs (Designer Receptors Exclusively Activated by Designer Drugs), can be used to refine our knowledge of addiction circuitry. These engineered receptors modulate cellular activity by acting on G protein coupled signaling cascades and in this review we pay particular attention to how this slower-onset modulation preferentially regulates behaviors that develop over time.
Drug addiction is a tremendously costly public health problem that has profound medical consequences to individuals, as well as serious social and economic impacts on our society. Unfortunately, relapse rates are high and treatment outcomes remain poor, in part due to our incomplete understanding of the complex nature of this destructive disease. The progression from initial drug exposure to regular drug use and ultimately to compulsive habitual behavior and loss of inhibitory control involves a sequential series of cellular and molecular adaptations throughout the brain, although concentrated in the cortico-basal ganglia-thalamic circuitry. In addition to regulating motivation and reward, this system is involved in cognitive and motor processes. Accordingly, along with addiction, dysfunction of processing within cortico-basal ganglia-thalamic loops has been implicated in many other neuropsychiatric disorders, including ADHD, obsessivecompulsive disorder and Parkinson's disease. Thus, the adaptations involved in addiction may interfere with optimal neurocognitive function across several important domains, and therefore it is essential that any new interventions to prevent relapse to drug-seeking not interfere with critical brain functions involved in motivation, decision making and motor function for desired outcomes of daily living.
Although in their infancy, new technologies have emerged in the past decade that are revolutionizing our ability to understand the cells and circuits that are engaged by drugs of abuse and that regulate the behaviors that contribute to addiction. These tools are particularly powerful because they are now allowing us to isolate the function of targeted neurons; which has the potential for providing us with meaningful findings for advancing the field of addiction through a better understanding of how select components of neural circuits, including subsets of cells, govern behavior. In this review, we will describe how one such technology, DREADDs (Designer Receptors Exclusively Activated by Designer Drugs), is refining our understanding of addiction-related behaviors.
DREADDS and manipulation of circuit function
DREADDS are a powerful new chemogenetic approach for reversible modulation of neuronal activity; and accordingly, there are many potential applications for this technology [1, 2] . For example, DREADDs have recently been coupled with metabolic mapping techniques (e.g. DREADD-assisted metabolic mapping; DREAMM) for in vivo functional imaging [3, 4 ] . Although DREADD techniques are most commonly used in mice and rats, non-human primate studies are now underway. DREADDs consist of a family of engineered G protein coupled muscarinic receptors that have been modified so they are no longer activated by their endogenous ligand acetylcholine but are instead potentially activated by the otherwise inert synthetic ligand, clozapine-n-oxide (CNO) [5 ] . Currently, DREADDs are available that modulate cellular activity through activation of G scoupled signaling cascades (rM 3 Ds), G q -signaling cascades (hM 3 Dq), G i/o -coupled signaling cascades (hM 4 Di) and most recently b-arrestin-mediated signaling cascades (rM 3 Darr) (Figure 1) [2]. Although these receptors have frequently been portrayed as primarily activating or inhibiting cells through alterations in neuronal firing, which they do, it may be more accurate to think of them as each engaging distinct intracellular signaling cascades. For
